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) during effluent treatment.
Introduction
Mechanisms of trace metal incorporation into calcium carbonate phases (e.g. calcite) have been the subject of scientific interest due to the use of trace element ratios in carbonate minerals for paleo-environmental reconstruction [1] [2] [3] and in dating techniques [4, 5] . It has also been proposed that divalent radionuclides (such as 60 Co 2+ and 90 Sr 2+ ) can be sequestered during subsurface in situ carbonate mineral formation offering a suitable route for limiting their migration at contaminated land sites [6] [7] [8] . In addition, ex situ effluent treatment technologies can utilise carbonate formation for radionuclide capture and long term safe storage in radioactive wastes [9, 10] . Indeed, the potential of carbonate precipitation for (in situ and ex situ) control of 90 Sr 2+ has received much attention due to its importance in radioactive wastes (4.5% fission yield from 235 U), relatively long half-life (28.8 years), potential mobility in groundwater and radiotoxicity to humans [7, 8, 11, 12] .
However, in order maximise the uptake of Sr 2+ during carbonate precipitation and understand the factors which control Sr 2+ incorporation during biomineralisation the mechanism and pathways of Sr 2+ uptake during calcite crystallisation need to be determined at the molecular scale.
The three main anhydrous calcium carbonate polymorphs are calcite (β-CaCO 3 ), vaterite ( -CaCO 3 ) and aragonite (λ-CaCO 3 ). The stable polymorph that occurs depends on solution chemistry, temperature and pressure during formation [2, 13] . Calcite is most stable at ambient conditions [14] , and has a rhombohedral structure, consisting of layers of 6-fold coordinated Ca 2+ ions, alternating with layers of carbonate ions [15] . Aragonite, generally forms at high pressure, and in the presence of higher aqueous concentration of Mg 2+ and SO 4 2- [16] , and has an orthorhombic crystal structure [15] . In aragonite, Ca 2+ ions are 9 fold coordinated by oxygen in a hexagonal close packed arrangement [1] . The least stable polymorph at ambient conditions is vaterite [14] . There has been significant discussion of the crystal structure of vaterite, with recent studies indicating it is highly complex, consisting of a combination of 2-3 structures which can coexist within a pseudosingle crystal with Ca 2+ ions that are 6-8 fold coordinated by oxygen [17] [18] [19] . , ACC can transform to monohydrocalcite [40] and at 50% Mg
2+
, the reaction end product is dolomite at elevated temperatures [41] . These pathways are in contrast to results from constant addition experiments where high Mg 2+ : Ca 2+ ratios typically favour aragonite formation [16] . However, aragonite is observed in ACC crystallisation experiments performed above room temperatures (> 40°C) [38] , or where [Mg 2+ ] was in large excess of [Ca 2+ ] [42] , or in the presence of high concentrations (50 % v/v) of ethanol [43] .
Trace metal incorporation into ACC is not as selective as incorporation into crystalline materials, like calcite [44] . This is due to ACC's high surface area, poorly ordered structure and its rapid rate of formation [36] . The high uptake ratios of trace metals to ACC is then observed to be preserved in the crystallised end product (most often calcite) [45] despite experiencing a dynamic series of dissolution/precipitation reactions [37] were recovered at intervals from < 30 seconds to 24 hrs, at which point the experiments were ended. The aqueous phase was separated by filtration (0.2 μm polycarbonate filters) and 1 mL was added to 10 mL EcoScintA scintillation cocktail (National Diagnostics Ltd., USA) prior to liquid scintillation counting (described below). Solid samples were only recovered from the experiments at room temperature and stored in a desiccator prior to further characterisation (described below).
Aqueous and solid phase characterisation
All scintillation vials containing aqueous samples and cocktail were stored in the dark for 35 days (this allows for secular equilibrium to be established between 
Where A i = initial added activity (Bq mL-1) and A e = activity after precipitation. Further the fractional 90 Sr uptake can be used to calculate the molar distribution of strontium between the solid and aqueous phase as follows:
Where V = the total solution volume. Finally, a strontium distribution coefficient (K d Sr ) can be calculated that describes the molar Sr : Ca ratio in the bulk solid CaCO 3 in relation to the Sr 2+ : Ca 2+ ratio in the solution from which the CaCO 3 was crystallised [20] : Solid carbonate samples recovered from experiments were analysed by powder X-ray diffraction (XRD) using a Bruker D8 X-ray diffractometer, (Cu K α radiation). Select calcite samples were analysed with the addition of a silicon internal standard (~20 % v/v) to allow accurate determination of unit cell volumes via Rietveld refinement of the whole XRD pattern using Topas 4-2 (Bruker, USA). The morphologies of precipitated crystallites was imaged using scanning electron microscopy (SEM). Samples were gold-coated (~20 nm) prior to analysis using secondary electron imaging on a FEI QUANTA 650 FEG environmental SEM operating a 10 keV using a 11 mm working distance.
X-ray absorption spectroscopy (XAS)
Sr K-edge (16,105 eV) X-ray analysis near edge structure (XANES) and Extended X-ray analysis fine structure (EXAFS) data was collected from selected solid samples recovered from the carbonate precipitation experiments detailed in Table 1 . EXAFS spectra were collected during two separate beamtime sessions on beamline I18 at the Diamond Light Source, and beamline BM26A at the European Synchrotron Radiation Facility (ESRF). All samples were transported to the synchrotron as powders stored in desiccators, with the exception of samples representing very short reaction times (i.e. seconds -minutes), which were prepared freshly (using the same method as above) at beamline laboratories immediately prior to XAS analysis. All samples were prepared as pressed powder pellets (without diluent) and data was collected at 80 K using a liquid nitrogen cryostat. XAS data was summed and XANES spectra plotted using Athena v 0.8.056 ( [47] ). EXAFS data was background subtracted using PySpline ( [48] ), prior to fitting with DLexcurv v1.0 software ( [49] ; full details of beamline conditions and sample schedules can be found in SI section 1 and SI Table S5 ).
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Controls on Sr 2+ uptake during the ACC-vaterite-calcite transformation (Mg-free experiments)
ACC is a highly hydrated and amorphous gel-like precipitate containing water nano-clusters in a disordered Ca 2+ -CO 3 2-framework [54] . In addition, ACC has a very high surface area in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 comparison to more crystalline calcium carbonate polymorphs (ACC = 50-400 m 2 g -1 vs. calcite = 0.1-0.5 m 2 g -1 ) [55] , and can therefore, readily adsorb and accommodate elements with ionic radius greater than Ca 2+ , such as Sr
2+
, that are generally considered to be less compatible in calcite [21, 34] .
Therefore, Sr 2+ ions are likely to be readily coprecipitated within ACC particles via substitution for Ca 2+ during formation. The Sr K-edge XANES and EXAFS data collected from Sr-containing ACC samples (Fig. 4) are analogous to Ca K-edge EXAFS spectra collected from ACC samples [56] in that both Me 2+ cations retain a solution like coordination best fit by ~8 Me-O linkages [57, 58] (SI Table   S6 ) and show no discernible long range ordering using EXAFS analysis. This is similar to Sr K-edge EXAFS spectra from other amorphous phases (e.g. Ca-Si-hydrate; [59] ) and is consistent with the sorption of hydrated Sr 2+ into a disordered coordination environment within ACC.
As a result of rapid non-specific sorption it is expected that Sr 2+ uptake to ACC phase should be very high (perhaps approaching 100%). However, under the reaction conditions studied, ACC is relatively unstable and almost instantaneously transforms to vaterite (indeed, preparation of vaterite-free ACC samples in the Mg-free experiments was very difficult; see SI Figure S1a ). Also, as rapid separation of aqueous samples from the ACC gel was not possible, the calculated Sr [60]) and is expected to be relatively compatible in the vaterite structure [31] . Therefore, the high K d
Sr values observed in these experiments after 5 minute can be explained by rapid nucleation of vaterite growth from the ACC precursor. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 vaterite to calcite transformation is unexpected. The larger Sr 2+ ion is considered incompatible in calcite [21] and therefore is predicted to be rejected from the calcite lattice during this transformation, producing a downward trend in K d Sr over time. However, the relationship between higher K d Sr and higher calcite precipitation rates is well known [20, 24, 27 Under the reaction conditions studied, the transformation of vaterite to calcite follows the Ostwald step rule [61] relating primarily to the solubility difference between vaterite and calcite [37] . The maximum rate of calcite precipitation is therefore expected in experiments where the rate of vaterite dissolution is high and the instantaneous [Ca 2+ ] approaches equilibrium concentrations with respect to vaterite (i.e. at equilibrium, the vaterite dissolution rate = the calcite precipitation rate). This condition is most easily met in crystallisation experiments using high ionic strength
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2+ speciation in calcite produced via ACC-vaterite-calcite transformation (Mg-free experiments)
Calcite unit cell volume data from the Mg-free experiments (calculated from the shift in the calcite (100) peak to lower 2θ values; Fig. 5 ) show that the calcite unit cell expands proportionally as more Sr 2+ is incorporated (Fig 5a; SI Table S7 ). The magnitude of lattice expansions observed are in agreement with previous data [21] , and taken together with lack of other phases in XRD and SEM analysis, provide strong evidence that Sr 2+ is truly incorporated into the calcite lattice and is not hosted in other low abundance phases not detected during the analysis.
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